Lymphocytes, especially thymocytes, are highly radiosensitive and
Interphase death occurred after a 4 h latent period in the experimental conditions of this study. To determine when Ca2+ is involved in the induction of interphase death, the following experiments were performed: Calcium ions in culture medium were eliminated at 2, 4, 6, or 8 h postirradiation by adding 1 mM EGTA (Fig. 2) . When EGTA was added to irradiated cells at any time, a further decrease in viability was blocked even after 8 h in culture, and cell death was significantly suppressed for 26 h culture. Calcium ions are very likely involved at a late stage of the interphase death process, sometime after the latent period effectively inhibited the cell death.
The possibility that Ca2+ may also be involved in an early stage of cell death was examined. Calcium ions in culture medium were deplted with 1 mM EGTA before irradiation, then 1 mM CaCl2 was added into the medium at various time periods after irradiation to restore the Ca2+ concentration (Fig. 3) . Depleting Ca2+ during irradiation and for 15 min after irradiation did not decrease the viability of irradiated cells upon the readdition of Ca2+ at any time after irradiation. Accordingly, Ca2+ also appears to be necessary for inducing interphase death at an early stage of the process. Protection from radiation-induced cell death with EGTA applied at various time periods after 10 Gy irradiation. One mM EGTA was applied 10 min before irradiation, or at 2, 4, 6, or 8 h after irradiation.
Controls were non-irradiated thymocytes.
The data are the means of 4 replications of a typical experiment. blockers of voltage-gated Ca channels, nifedipine and nicardipine weakly reduced the cell death, while verapamil had no effect (Fig. 7) . These compounds were not cytotoxic on nonirradiated control cells at the same concentrations (data not shown).
Effect of PKC inhibitors and CaM inhibitors on radiation-induced interphase death
To analyze whether PKC and CaM are involved in Ca2+-dependent signal transduction in irradiated thymocytes, inhibitors of these proteins were added to the culture. Cells were initial DNA damage, while another cell line, L5 178Y, which shows the same degree of initial DNA damage and DNA repair as Molt-4 cells, lacks susceptibility to Interphase death21). On the other hand, DNA double-strand breakage into oligonucleosome-length fragments observed in irradiated thymocytes is considered to be a result of cell degradation but not the cause of cell death2), because that kind of fragmentation was not detected just after irradiation7). The first signal to induce interphase death is, therefore, assumed to be damage to the cell membrane, another postulated subcellular target of radiation. Subsequent signals in an early stage of interphase death appeared to involve Ca2+, since cell death was strongly diminished by eliminating Ca2+ from the culture medium during irradiation and for 15 min after the irradiation (Fig. 3) . This need for Ca2+ may be related to Ca2+-dependent activation of PKC in this stage. Effectiveness of PKC inhibitors added within 2 h, especially that within 5 min of irradiation, in reducing interphase death (Fig. 9) suggests that PKC activation may occur in a relatively early stage of the cell degradation process. Addition of EGTA could have inhibited the calcium-dependent activation of PKC in irradiated cells, since 1 mM EGTA added to RPMI-1640 medium lowered the cytosol Ca2+ level measured with a Ca2+-sensitive dye (unpublished data). In contrast to the effect of PKC, there was no evidence of contribution by CaM, another Ca2+-dependent signal transducter, in Interphase death. There was no reduction of cell death by CaM inhibitors (Fig. 8) .
In a late stage of interphase death, after a latent period of 4 h, cytosolic Ca2+ concentration ([Ca] i) is very likely increased, because uptake of 45Ca2+ rose significantly at 5 and 6 h after irradiation (Fig. 4) . In agreement with the sustained increase in [Ca] i, DNA fragmentation into oligonucleosomal fragments was reported in thymocyte apoptosis9,10). It is widely accepted that DNA fragmentation observed in apoptosis is due to the activation of endogeneous Ca2+-Mg2+ dependent endonuclease in nuclei22) . Hence, endonuclease activation by increased [Ca] i in irradiated cells probably results in DNA fragmentation which has been reported by several investigators6,7). Furthermore, activation of Ca2+-dependent protease(s)23) by increased [Ca] i is also possible in irradiated cells. Although thymocyte apoptosis could be induced in non-irradiated cells by Ca2+ ionophore9,10), the ionophore killed cells very slowly despite stimulation of a large influx of Ca2+ into the cells (Fig. 5) . In contrast, irradiation of cells stimulated a small amount of Ca2+ to enter the cells and killed the cells more rapidly (Fig. 4) . These results imply that the increase in Ca2+ in cells may not be the only factor responsible for cell degradation, and that some other process(es) may be necessary.
The process of thymocyte interphase death probably involves activation of genes and synthesis of proteins, which are associated with degradation of the cells, because the inhibition of RNA or protein synthesis with actinomycin D or cycloheximide inhibits cell death24) . Since actinomycin D and cycloheximide also prevent increased [Ca] i in irradiated thymocytes (unpublished data, Hachisu et al.), it is suggested that newly synthesized protein may contribute to an increase in [Ca] i. Alternatively, the finding that treatment of lymphocytes with mitogens reduces the radiosensitivity of the cells25,26) implies that activation signals of lymphocytes may overtake the signals of interphase death.
Cytosolic Ca2+ can be increased by an influx of Ca2+ from extracellular fluid as well as by release of Ca2+ from intracellular Ca2+ stores such as endoplasmic reticulum. The results that inorganic Ca channel inhibitors, but not specific voltage-gated Ca channel inhibitors, reduced interphase death (Figs. 6, 7) indicate that Ca2+ may enter through receptor-operated Ca channels. While receptor-operated Ca channels have been reported to open by the binding of mitogen or antigen19), no mechanisms of the radiation effect on these channels is evident. Action of Co2+ and La3+ to suppress interphase death may not be through direct inhibition of Ca channels, because these ions non-specifically occupy Ca2+ binding sites on the outer cell membrane.
The cause of cell death in irradiated and non-irradiated thymocytes must be different in culture. Viability of non-irradiated control cells declined time-dependently less than irradiated cells in culture (Fig. 1) . Fragmentation of DNA into oligonucleosomal-lengths increased time-dependently in irradiated thymocytes and in non-irradiated control cells7), suggesting that non-irradiated thymocytes, as well as irradiated cells, also undergo apoptosis. The observation that withdrawal of a growth factor induced apoptosis of the growth-factor-dependent cells27,28) suggests that apoptosis in non-irradiated thymocytes is probably caused by a lack of thymic hormones and interleukins, which support thymocyte growth and differentiation in the thymus29,30). Accordingly, radiation appears to induce apoptosis of thymocytes by a different means than that of non-irradiated cells.
The reason why thmocytes have very high sensitivity to radiation remains unclear. Recent studies of T-cell selection in the thymus have shown that apoptosis of thymocytes may be involved in negative selection elimination of self-reactive T-cell clones31) . Self-destructive mechanisms including radiation injury might be programmed in thymocytes to deplete unnecessary or injured thymocytes for the prevention of abnormality in T-cell-mediated immune responses.
In addition to the radiation injury of lymphocytes, radiation-induced interphase death of serous acinar cells in salivary glands is reported to be responsible for the xerostomia after radiotherapy for cancers of the head and neck32). Furthermore, radiation kills Molt-4 cells, a human leukemia cell line, in a manner similar to that of Interphase death20,33). Studies of the mechanisms underlying interphase death could thus give useful information about the protection of radiation injury and sterilization of tumor cells by radiation.
